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ABSTRACT

Hepatitis E virus (HEV) causes acute enterically transmitted hepatitis. In industrialized countries, it is a zoonotic disease, with
swine being the major reservoir of human HEV contamination. The occurrence and severity of the disease are variable, with clin-
ical symptoms ranging from asymptomatic to self-limiting acute hepatitis, chronic infection, or fulminant hepatitis. In the ab-
sence of a robust cell culture system or small-animal models, the HEV life cycle and pathological process remain unclear. To
characterize HEV pathogenesis and virulence mechanisms, a quantitative proteomic analysis was carried out to identify cellular
factors and pathways modulated during acute infection of swine. Three groups of pigs were inoculated with three different
strains of swine HEV to evaluate the possible role of viral determinants in pathogenesis. Liver samples were analyzed by a differ-
ential proteomic approach, two-dimensional difference in gel electrophoresis, and 61 modulated proteins were identified by
mass spectroscopy. The results obtained show that the three HEV strains replicate similarly in swine and that they modulate sev-
eral cellular pathways, suggesting that HEV impairs several cellular processes, which can account for the various types of disease
expression. Several proteins, such as heterogeneous nuclear ribonucleoprotein K, apolipoprotein E, and prohibitin, known to be
involved in other viral life cycles, were upregulated in HEV-infected livers. Some differences were observed between the three
strains, suggesting that HEV’s genetic variability may induce variations in pathogenesis. This comparative analysis of the liver
proteome modulated during infection with three different strains of HEV genotype 3 provides an important basis for further
investigations on the factors involved in HEV replication and the mechanism of HEV pathogenesis.

IMPORTANCE

Hepatitis E virus (HEV) is responsible for acute hepatitis, with clinical symptoms ranging from asymptomatic to self-limiting
acute hepatitis, chronic infection, or fulminant hepatitis. In industrialized countries, HEV is considered an emerging zoonotic
disease, with swine being the principal reservoir for human contamination. The viral and cellular factors involved in the replica-
tion and/or pathogenesis of HEV are still not fully known. Here we report that several cellular pathways involved in cholesterol
and lipid metabolism or cell survival were modulated during HEV infection in the swine model. Moreover, we observed a differ-
ence between the different swine strains, suggesting that HEV’s genetic variability could play a role in pathogenesis. We also
identified some proteins known to be involved in other viral cycles. Our study provides insight into the mechanisms modulated
during HEV infection and constitutes a useful reference for future work on HEV pathogenesis and virulence.

Hepatitis E virus (HEV) is responsible for major epidemics of
acute hepatitis in low- and middle-income countries world-

wide. In industrialized countries, it is an emerging problem, as an
increasing number of sporadic cases have been reported in pa-
tients who have never traveled to areas where HEV is endemic.
The evolution of hepatitis E is often benign, but severe forms or
chronic infections have been described. A high rate of fulminant
hepatitis has been reported in pregnant women (20%) (1, 2) and
patients suffering from other liver diseases, such as hepatitis C
virus (HCV) or hepatitis B virus (HBV) coinfection (3, 4).
Chronic HEV infections occur in immunosuppressed patients,
such as solid-organ transplant recipients (5). More recently, sev-
eral neurological symptoms, such as Guillain-Barré or Parsonage-
Turner syndrome, were linked to HEV infections. The mecha-
nisms responsible for the different degrees of hepatitis E severity
are not clearly understood, though both host and viral factors are
probably involved.

HEV is a nonenveloped, single-stranded, positive-sense RNA
virus classified in the Hepeviridae family (6). The genome is 7.2 kb

in length and contains three major open reading frames (ORFs).
ORF1 encodes a nonstructural protein with several functional
motifs, methyltransferase, papain-like cysteine protease, RNA he-
licase, and RNA-dependent RNA polymerase (7–10). ORF2 and
ORF3 overlap, and the two proteins are translated from a single
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subgenomic RNA (11). ORF2 encodes the unique viral capsid
protein. ORF3 encodes a small phosphorylated protein of 113 to
123 amino acids, the function(s) of which has not yet been fully
defined (12). The HEV replication mechanism is still not fully
understood, since there is no robust model for propagating HEV
in vitro. Furthermore, the cellular factors involved in the replica-
tion and/or virulence of HEV are still unknown.

In the recently proposed classification of HEVs, HEVs that can
infect humans belong to the Orthohepevirus genus, Orthohepevirus
A species, and are divided into four genotypes (HEV genotype 1
[HEV-1] to HEV-4) (13): HEV-1 and HEV-2 have been reported
in humans from Asia and Africa and from Mexico and Africa,
respectively. HEV-3 and HEV-4 have been identified in both hu-
man and animal species—mostly swine—in North and South
America, Europe, and Asia (14). Within each genotype, several
clusters can be delineated, but a classification into subtypes pro-
posed in the literature is not recognized by the International Com-
mittee on Taxonomy of Viruses (15). These clusters are based on
phylogenetic analysis, but there is no indication of the associated
virulence. In some countries, there are more of certain clusters
than others, but it is not known if this is due to virulence factors or
ecological factors (16–18).

In countries where major epidemics are reported, the main
transmission vector for hepatitis E virus infections is contami-
nated water or soiled food. In contrast, in countries where spo-
radic cases or grouped cases occur, contamination pathways are
still under investigation. Confirmed zoonotic transmissions
through the ingestion of raw or undercooked contaminated deer
and boar meat have been described in Japan (19, 20). Several cases
were also associated with the consumption of pork products con-
taining raw liver (21).

Viral infections usually alter host cell functions, thus determin-
ing the fate of infected cells and the progression of pathogenesis.
The development of proteomic methods enables changes in cellu-
lar protein expression to be investigated at a global scale and close
virus-host interactions to be identified. This approach has been
used to study infections caused by several viruses, including influ-
enza virus, respiratory syncytial virus (RSV), severe acute respira-
tory syndrome coronavirus (SARS-CoV), human immunodefi-
ciency virus type 1 (HIV-1), and mouse hepatitis virus (MHV)
(22–25). A recent proteomic analysis of livers infected by swine
hepatitis E virus identified 10 proteins that may be involved in
HEV infection, especially with a modulation of apolipoprotein E
(ApoE) and ferritin heavy-chain expression (26).

In the present study, global changes in the proteome profiles of
pig livers infected with three different strains of swine HEV geno-
type 3 were investigated using two-dimensional (2D) fluorescence
difference in gel electrophoresis (DIGE). To evaluate the influence
of the genetic variability of HEV on pathogenesis, the three strains
studied belonged to three different phylogenetic clusters (less than
90% identity in their nucleotide sequences). A total of 61 differ-
entially expressed proteins were identified between infected and
uninfected livers. Four proteins known to play a role in other viral
replication cycles were upregulated in the HEV-infected liver. The
overexpression of some proteins was confirmed by quantitative
immunoblotting and transcript quantification by quantitative re-
verse transcription (RT)-PCR (qRT-PCR). Some differences were
observed between the three strains studied, but overall, the pro-
teins most affected were those involved in general metabolism,
lipid and cholesterol homeostasis, trafficking, and inflammatory

and immune responses. Several networks possibly involved in
pathogenesis were identified.

The present study is the first to compare the biological effects of
three different strains of swine HEV genotype 3 strains using a
quantitative proteomic approach in a swine experimental model.
The results achieved will help determine the major cellular path-
ways modulated during HEV infection and will support further
studies on HEV pathogenesis in various contexts.

MATERIALS AND METHODS
Virus. Fecal samples from naturally or experimentally infected pigs were
used as a source of swine HEV genotype 3. Viruses were previously fully
sequenced and belonged to three different phylogenetic clusters with 85 to
89% identity in their nucleotide sequences: strain A (GenBank accession
number JQ953664), strain B (GenBank accession number JQ953665),
and strain C (GenBank accession number JQ953666). According to the
classification by Lu et al. (15), strains A, B, and C clustered within subtypes
3c, 3e, and 3f, respectively. Fecal suspensions were prepared (2 g in 10%
[wt/vol] phosphate buffer) and centrifuged at 4,000 � g and 4°C for 20
min. The resulting clear supernatant was purified by two successive pas-
sages through a microfilter with a pore size of 0.45 and then a microfilter
with a pore size of 0.22 �m (Millex-GV; Millipore SAS, Molsheim,
France). Aliquots of the suspensions were stored at �80°C until use.

Experimental infection. Twelve 8-week-old specifc-pathogen-free
(SPF) piglets negative for anti-HEV antibodies and HEV RNA were di-
vided into four groups of three. The first group was mock infected and
inoculated intravenously with phosphate-buffered saline (PBS). The
other groups were inoculated intravenously with a suspension of HEV
strain A, B, or C containing 106 copies of HEV RNA. Their feces were
collected at 3, 7, and 8 days postinoculation (p.i.). Animals were eutha-
nized at 8 days p.i. Liver, bile, and feces were collected, and livers were
immediately frozen in liquid nitrogen for proteomic analysis.

Ethics statement. This experimental protocol was validated by the
ethics committee (ComEth number 12-043) of the National Veterinary
School of Alfort, the French Agency for Food, Environmental and Occu-
pational Health & Safety, and University Paris 12.

The present experimental protocol has obtained formal approval (no-
tice number 09/10/12-9) from the ethics committee, which evaluated that
(i) animals had to be used for the project, (ii) the chosen species was
relevant to the scientific question, (iii) the number of animals used had
been carefully adjusted, (iv) the procedures on animals were appropriate
and performed by competent persons, (v) pain, stress, and discomfort had
been anticipated and were minimized, and (vi) humane endpoints had
been considered and planned whenever appropriate. All experiments on
live animals were carried out in the Biomedical Research Center (CRBM;
certification number 94-046-2) under the responsibility of Thomas Lilin,
who has been certified for research activities involving live vertebrate an-
imals (94-363, 24 October 2011), in compliance with French and Euro-
pean regulations on the care and protection of laboratory animals.

Histopathologic evaluation. Samples of pig liver were collected and
fixed in 10% neutral buffered formalin. Tissues were then dehydrated and
embedded in paraffin. Five-micrometer sections were stained with hema-
toxylin-eosin-saffron and observed through a Leica DM2000 microscope
to evaluate histopathologic lesions.

Serum liver chemistry profile. The activities of alanine transaminase
(ALT) and aspartate transaminase (AST) and the levels of cholesterol and
triglyceride in sera were measured with an automated biochemistry ana-
lyzer (Olympus 2700; Olympus, Japan).

Sample preparation. Sterile surgical blades were used to excise 30 mg
of liver. Tissues were incubated on ice with a lysis buffer (7 M urea, 2 M
thiourea, 4% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate}, 2% immobilized pH gradient (IPG) buffer, 40 mM
dithiothreitol, and 1% protease inhibitor mix [Roche]), disrupted in
bead-milling tubes (FastPrep 24; MP Biomedicals, Illkrish, France), and
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then incubated for 1 h at 4°C, centrifuged at 15,000 � g for 15 min at 4°C,
and stored at �80°C.

2D-DIGE analysis. Twelve liver extracts (four groups and three inde-
pendent biological repeats) were analyzed by 2D-DIGE as described pre-
viously (27). Briefly, each protein sample (50 �g) was labeled with CyDyes
Fluor minimal dyes (GE Healthcare) according to the manufacturer’s
instructions. Two samples from each experimental group (namely, sam-
ples 1 and 3 from the mock-infected [group T] group and the three groups
infected with strains A, B, and C [groups A to C]) were labeled with Cy3
and two samples from each experimental group were labeled with Cy5
(CyDyes DIGE Fluor minimal dyes; GE Healthcare). Equal amounts of all
samples were pooled, Cy2 labeled, and used as the internal standard. Six
analytical gels, each containing one sample labeled with Cy3, one sample
from another group labeled with Cy5, and the internal standard labeled
with Cy2, were run. Labeled samples were mixed and then loaded onto
18-cm IPG strips, pH 4 to 7 (GE Healthcare). Isoelectric focusing was
performed using an IPGphor apparatus (GE Healthcare) for a total of 60
kV · h. Equilibrated strips were then placed onto homemade SDS-poly-
acrylamide gels (8 to 18%), and electrophoresis was performed in an
Ettan-DALT II system (GE Healthcare) at 2.5 W/gel and 12°C. Gels were
scanned using a Typhoon 9400 molecular imager (GE Healthcare) with
the resolution set at 100 �m. Image analysis, relative quantification, sta-
tistical data analysis, and principal component analysis (PCA) were per-
formed using Decyder 2D software (version 7.0; GE Healthcare). The fold
change and Student’s t test P values were calculated across pairwise com-
parisons (group A versus group T, group A versus group B, group A versus
group C). A spot was considered differentially expressed if the fold change
was larger than �1.5 or smaller than �1.5 and Student’s t test P value was
less than 0.05. PCA was performed on the global distribution of proteins
to reveal differences under the current experimental conditions. Spots of
interest were identified by mass spectrometry (MS).

Identification of protein spots by MS. For MS and MS/MS analysis on
a linear trap quadrupole (LTQ)-Orbitrap mass spectrometer, two semi-
preparative 2D gels were prepared as described previously (28). Analyses
were performed using an Ultimate 3000 rapid separation liquid chro-
matographic (RSLC) system (Thermo Fisher Scientific) online with a hy-
brid LTQ-Orbitrap–Velos mass spectrometer (Thermo Fisher Scientific).
Briefly, after trypsin digestion (12.5 ng/�l in 40 mmol/liter NH4HCO3–
10% acetonitrile, overnight at 40°C), the peptides were loaded and washed
on a C18 reverse-phase precolumn. The loading buffer contained 98%
H2O, 2% acetonitrile (ACN), and 0.1% trifluoroacetic acid (TFA). Pep-
tides were then separated on a C18 reverse-phase resin with a 4-min effec-
tive gradient from 100% solvent A (0.1% formic acid and 100% H2O) to
50% solvent B (80% ACN, 0.085% formic acid, and 20% H2O).

The linear trap quadrupole-Orbitrap mass spectrometer acquired data
throughout the elution process and operated in a data-dependent scheme,
with full MS scans acquired with the Orbitrap mass spectrometer, fol-
lowed by the acquisition of up to 20 LTQ MS/MS collision-induced dis-
sociation spectra on the most abundant ions detected by the MS scan.
Mass spectrometer settings were as follows: for full MS, automatic gain
control (AGC) was 1 � 106, the resolution was 6 � 104, the m/z range was
400 to 2,000, and the maximum ion injection time was 500 ms; for MS/
MS, AGC was 5 � 103, the maximum injection time was 50 ms, the
minimum signal threshold was 500, the isolation width was 2 Da, and the
dynamic exclusion time setting was 15 s. Precursors were fragmented with
charge states of 2, 3, 4, and up. The signal-to-noise threshold for extrac-
tion values was 3.

Database searches were carried out using the Mascot server (version
2.2; Matrix Science, London, United Kingdom) on “other mammalia”
from the Swiss-Prot databank (538,849 sequences, January 2013; www
.expasy.org) and NCBInr databank (22,663,875 sequences, January 2013;
http://www.ncbi.nlm.nih.gov/). The search parameters were as follows:
carbamido methylation as a variable modification for cysteines and oxi-
dation as a variable modification for methionines. Up to one missed tryp-
tic cleavage was tolerated. The mass accuracy tolerance for all tryptic mass

searches was 5 ppm for precursors and 0.45 Da for fragments. Positive
identification was based on a Mascot score above the significance level
(i.e., �5%). The reported proteins were always those with the highest
number of peptide matches. With our identification criteria, no result was
found to match multiple members of a protein family.

Nucleic acid extraction. Thirty milligrams of liver was disrupted as
described before (29). Total RNAs from liver were extracted using an
RNeasy minikit (Qiagen, Courtaboeuf, France). Viral RNAs were ex-
tracted from bile and fecal suspensions as described by Bouquet et al. (30).

RT and PCR controls. Precautions were taken to prevent false-posi-
tive and false-negative results in the RT-PCR amplification. In addition to
spatial separation of work spaces at crucial experimental points (e.g., for
RNA extraction and PCR mix preparation), each experiment included
several control samples: positive samples for RNA extraction and negative
and positive controls for RT and real-time PCR.

Quantification of HEV RNA by TaqMan RT-PCR. HEV RNA quan-
tification was adapted from the method described by Jothikumar and
collaborators (31) and performed as described in Barnaud et al. (32). Each
sample was analyzed in duplicate.

Analysis of mRNA levels of candidate proteins by real-time PCR.
cDNA synthesis was performed from 400 ng of total liver RNA at 42°C for
60 min with 2.5 �l of hexamer, 60 U of PrimeScript reverse transcriptase
TaKaRa in RT buffer (Ozyme, St. Quentin en Yvelines, France), 1 mM
deoxynucleoside triphosphate mix (Ozyme, St. Quentin en Yvelines,
France), and 12 U of RNase inhibitor (Life Technologies, Villebon sur
Yvette, France). The reverse transcriptase activity of PrimeScript reverse
transcriptase TaKaRa was then heat inactivated at 72°C for 10 min.
Primers specific for the gene of interest were designed with NCBI Prim-
erBlast software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/): for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), forward primer
5=-CACCATCTTCCAGGAGCGAG-3= and reverse primer 5=-GAGATG
ATGACCCTTTTGGC-3=; for ApoE, forward primer, 5=-GCCTTCAMC
TCCTTCATGST-3= and reverse primer 5=-CTTYTGGGATTACCYGCG
CT-3=; for heterogeneous nuclear ribonucleoprotein K (HnRNPK), forward
primer 5=-TCTGGGACTGAAACACTGGC-3= and reverse primer 5=-TCAG
AGCAAGAATGCTGGGG-3=; for prohibitin (PHB), forward primer 5=-CA
CCACAAATCTGGCCCTCT-3= and reverse primer 5=-AGGAGTTCACAG
AAGCGGTG-3=; and for protein phosphatase 2A (PP2A), forward primer
5=-CCACAGCAAGTCACACATTGG-3= and reverse primer 5=-CAGAGCA
CTTGATCGCCTRCAA-3=.

Real-time PCR was performed using a SYBR green PCR kit (Qiagen,
Courtaboeuf, France), according to the manufacturer’s instructions, with
2 �l of cDNA (template). Reverse and forward primers for the gene of
interest were used at a final concentration of 0.1 �M. A LightCycler PCR
system (Roche Molecular Biochemicals, Meylan, France) was used for
sample analysis according to the following steps: 30 s at 94°C and 45 cycles
of denaturation at 94°C for 30 s, annealing for 30 s at 56°C, and an exten-
sion at 72°C for 30 s, followed by a final extension at 72°C for 10 min. Each
sample was analyzed in duplicate. The data were submitted to quantitative
analysis using the 2���CT threshold cycle (CT) method (33). Samples
from the mock-infected group were used as the calibrator (relative expres-
sion, �1), and the GAPDH RNA gene was used as an internal reference
gene. The test was performed in duplicate for each sample from three
independent determinations.

Immunoblotting. Denatured proteins (50 �g) from each liver sample
were separated by electrophoresis through a 10% SDS-polyacrylamide gel
and transferred to a nitrocellulose membrane. After blocking for 2 h at
room temperature with 5% (wt/vol) nonfat powdered milk in PBS with
0.05% Tween 20, the proteins of interest were detected using goat poly-
clonal anti-GAPDH (1/100; clone V18; catalog number sc-20357; Clini-
sciences, Nanterre, France), goat polyclonal anti-ApoE (1/700; catalog
number AB947; Millipore, Molsheim, France), rabbit monoclonal anti-
HnRNPK (1/500; clone EP943Y; catalog number ab52600; Abcam, Paris,
France), or mouse monoclonal anti-prohibitin (1/100; catalog number
MA512858 [II-14-10]; Thermo Fisher Scientific, Illkirch, France) over-
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night at 4°C. The membranes were then incubated with horseradish per-
oxidase-conjugated goat anti-mouse IgG (1:3,000) or rabbit anti-goat Ig
(1:5,000) or goat anti-rabbit Ig (1:5,000) for 1 h at room temperature
(Dako, Les Ulis, France). Blots were developed by enhanced chemilumi-
nescence (ECL; Amersham, Amersham-GE Healthcare Europe GmbH,
Saclay, France) and scanned with a Fusion Fx5 solo system (Vilber Lour-
mat, Marne-la-Vallée, France). Bio-1D software was used for densitomet-
ric quantification. GAPDH was used as a reference protein. Triplicate
analyses were performed for each sample.

Network modeling. The data sets for the proteins differentially ex-
pressed in liver mock infected and infected with HEV strain C were ana-
lyzed using Ingenuity Pathway analysis and Pathway Studio (version 9.0)
software to identify molecular and cellular processes, high-level functions,
disorders, and signaling pathways associated with gene regulatory net-
works.

RESULTS
Experimental infection and replication efficiency. Prior to inoc-
ulation, all the pigs tested negative for HEV antibodies and RNA
(data not shown). After HEV inoculation, the presence of viral
RNA in feces was monitored for 8 days p.i. Virus excretion in all
pigs was detected from 3 days p.i. and reached a maximum of
approximately 106 copies of HEV RNA/g of feces at 8 days p.i. (Fig.
1A). There was no significant difference in the kinetics of HEV
fecal excretion in the infected animals in terms of the duration or
quantity, whichever strain was used (Fig. 1A). The pigs were eu-
thanized at 8 days p.i., and the bile and liver were collected from
each animal.

HEV infection efficiency was evaluated by measuring the level
of HEV RNA in the liver and bile of infected pigs. In the liver, the
number of genome equivalents (GE) was slightly higher with
strain A than with the other two strains. The median viral RNA
level reached 5.4 � 106 GE · g�1 with strain A, whereas it was 4 �
105 GE · g�1 with strain B and 7.2 � 105 GE · g�1 with strain C (Fig.
1B). In contrast, no significant difference in the viral RNA level of
strains A, B, and C was observed in bile samples, with median
levels of 7.6 � 106 GE · ml�1, 1.86 � 106 GE · ml�1, and 1.81 � 106

GE · ml�1, respectively, being detected (Fig. 1C).
Impact of HEV infection on liver histology and enzymatic

activities. To evaluate the possible development of mild disease,
liver tissue sections were analyzed. Most of the specimens, includ-
ing the mock-infected liver, were affected by diffuse liver steatosis
(Fig. 2Aa and Ab). In some infected and uninfected livers, mini-
mal inflammatory infiltrates were observed, with a few portal ar-
eas being infiltrated principally by lymphocytes and histiocytes
(Fig. 2Ac and Ad). Thus, histology analysis did not reveal any
difference between infected and uninfected animal livers. Aspar-
tate transaminase (AST) and alanine transaminase (ALT) levels
are commonly measured to estimate liver injury. The median val-
ues of ALT and AST obtained for pigs infected with strain B (ALT,
46 IU/liter; AST, 56 IU/liter) were slightly higher than those ob-
tained for pigs infected with strain C (ALT, 40 IU/liter; AST, 30
IU/liter) or pigs in the mock-infected group (ALT, 40 IU/liter;
AST, 34 IU/liter) (P � 0.05) but not those obtained for pigs in-
fected with strain A (ALT, 47 IU/liter; AST, 36 IU/liter) (Fig. 2B).
The level of cholesterol did not significantly differ between mock-
infected pigs (0.64 mmol/liter) and pigs in the infected groups
(strain A, 0.82 mmol/liter; strain B, 0.83 mmol/liter; strain C, 0.84
mmol/liter) (Fig. 2C, left). In contrast, the median triglyceride
levels obtained for pigs infected with strain C were significantly
lower (0.32 mmol/liter) than those obtained for pigs infected with

strain A (0.44 mmol/liter) and the mock-infected healthy controls
(0.41 mmol/liter) (P � 0.01) but not the level obtained for pigs
infected with strain B (0.39 mmol/liter). Overall, the enzymatic
activities stayed in the normal range.

2D-DIGE analysis of infected and uninfected livers. To inves-
tigate the global protein changes in liver tissues after infection with
different strains of HEV genotype 3, a 2D-DIGE analysis was per-
formed (see Fig. S1 in the supplemental material). A total of four
groups were analyzed: a mock-infected group (group T) and the
groups infected with the three different strains: strain A, strain B,
and strain C. In order to assess significant differential expression
as a result of infection, multiple group-to-group comparisons
were performed using computer-assisted analysis (DeCyder 2D
[version 7.0] software; GE Healthcare) and revealed 153 differen-
tially expressed spots (fold change, �1.5 or ��1.5; Student’s t
test, P � 0.05). In comparison to the mock-infected group, 73
differentially expressed spots (58 upregulated and 15 downregu-
lated) were detected in the gel with samples from the strain C-in-
fected group, whereas 31 (13 upregulated and 18 downregulated)
and 35 (19 upregulated and 16 downregulated) differentially ex-
pressed spots were detected in the gels with strain A and strain B,
respectively (see Table S1 in the supplemental material).

To examine the global proteomic profile of each group and
allow comparison of the groups, the data were subjected to prin-
cipal component analysis (PCA) using all matched protein spots
(Fig. 3). PCA revealed a pattern that clearly segregated the infected
groups from the mock-infected group. The pattern of the strain
C-infected group was distinct from that of the mock-infected
group and the strain A- and B-infected groups (Fig. 3).

Protein identification of spots of interest. The 153 differential
spots were excised and analyzed by matrix-assisted laser desorp-
tion ionization–time of flight/time of flight (MALDI-TOF/TOF)
tandem mass spectrometry (MS) and LTQ-Orbitrap MS. One
hundred two spots corresponding to 61 different proteins were
successfully identified. A total of 24, 25, and 30 different proteins
were identified with the strain A-, strain B-, and strain C-infected
groups, respectively. Detailed information on the identified pro-
teins is provided in Table 1. According to their expression level
during HEV infection, the identified proteins were classified into
two main groups. The first one comprised proteins which were
upregulated, and the second group comprised proteins which
were downregulated (Table 2). A functional classification based
on annotations from the UniProt Knowledgebase was performed.
The overexpressed proteins identified with strain B were mainly
involved in metabolism (33%) or cholesterol/lipid metabolism
(25%). The other proteins were implicated in toxicity/inflam-
matory/immune response (17%) and cytoskeleton/trafficking
(18%). The downregulated proteins identified with strain B were
principally involved in the same functions: metabolism (36%) and
toxicity/inflammatory/immune response (27%) (Table 2). With
strain A, the overexpressed proteins were mostly involved in metab-
olism (47%), toxicity/inflammatory/immune response (27%), and
cytoskeleton/trafficking (18%). No upregulation of a protein in-
volved in transcription/transcription regulation was identified with
strain A (Table 2). Downregulated proteins identified with strain A
mainly concerned metabolism (42%), chaperone proteins (17%),
and toxicity/inflammatory/immune response (17%) (Table 2). The
upregulated proteins identified with strain C were distributed into
the eight functional groups: metabolism (43%), cholesterol/lipid me-
tabolism (13%), cytoskeleton/trafficking (13%), signaling pathways
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(9%), cell proliferation (9%), chaperone proteins (4%), transcrip-
tion/transcription regulation (4%), and toxicity/inflammatory/im-
mune response (4%). The downregulated proteins identified with
strain C were mainly involved in metabolism (22%), cholesterol/lipid
metabolism (22%), chaperone proteins (22%), signaling pathways
(11%), cytoskeleton/trafficking (11%), or toxicity/inflammatory/im-
mune response (11%) (Table 2).

Validation of proteomic data using immunoblotting and
qRT-PCR. To validate the results obtained using the proteomic

approach, the expression levels of three proteins upregulated with
all three HEV strains— heterogeneous nuclear ribonucleoprotein
K (HnRNPK), apolipoprotein E (ApoE), and prohibitin (PHB)—
were quantified after immunoblotting (Fig. 4A). GAPDH was
used as the loading control. The result showed an increase in the
abundance of the proteins HnRNPK and PHB in all the infected
groups. In contrast, the abundance of ApoE increased only in the
groups infected with strains B and C. The densitometric analysis
of each immunoblot revealed fold changes for strains A, B, and C

FIG 1 (A) Kinetics of HEV fecal excretion and viral multiplication. HEV excretion in fecal samples was quantified by real-time RT-PCR. The times of inoculation
and euthanasia and the day (D) postinoculation are indicated on the axis. (B and C) The liver and bile of infected- or mock-infected pigs were collected at 8 days
p.i. The HEV RNA present in the liver (B) or bile (C) was quantified by real-time RT-PCR. Results are expressed as the average number of HEV RNA copies per
g or ml of sample � standard error of the mean from three independent experiments. **, significant difference (P � 0.01) in HEV RNA levels.
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FIG 2 Histopathology and biochemical analysis. (A) Representative microphotographs of sections of HEV-infected or uninfected liver tissue. The tissue was
stained with hematoxylin and eosin. (a) Normal aspect; (b) marked diffuse steatosis; (c and d) inflammatory lymphocytic and histiocytic infiltrates in portal areas;
(a, b, c) infected liver; (d) mock-infected liver. Magnifications, �200. (B and C) AST (B, right) and ALT (B, left) activities and cholesterol (C, left) and triglyceride
(C, right) levels in the serum of the mock-infected and infected groups at 8 days postinoculation. The data represent the medians and minimum and maximum
values obtained for three pigs in each group. UI, international units. *, P � 0.05 compared to mock-infected pigs; **, P � 0.01 compared to mock-infected pigs.
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of 1.8, 1.6, and 1.8, respectively, for HnRNPK; 1.3, 1.6, and 1.7,
respectively, for ApoE; and 1.3, 1.4, and 1.5, respectively, for PHB
(Fig. 4B). The results were comparable to the fold changes ob-
served by 2D-DIGE analysis, which were, with strains A, B, and C,
1.6, 1.8, and 1.6, respectively, for HnRNPK; 1.3, 1.6, and 1.7, re-
spectively, for ApoE; and 1.3, 1.2, and 2.2, respectively, for PHB
(Table 1).

To further validate the upregulation of two proteins observed
with strain C—PHB and protein phosphatase 2A (PP2A)—and
the upregulation of two proteins observed with strains B and C—
ApoE and HnRNPK—the quantity of their RNA transcripts was
measured by qRT-PCR. As shown in Fig. 4C, the mRNA levels of
these four genes were upregulated in all infected groups. The re-
sults showed that the mRNA fold changes of HnRNPK and PP2A
were comparable for strains A, B, and C: for HnRNPK, 2.2, 2, and
2.3, respectively, and for PP2A, 1.9, 2, and 2.3, respectively. How-
ever, the mRNA level of PHB was higher with strain C than with
the other two strains (strain A, 1.8; strain B, 1.8; strain C, 2.5). In
addition, infection with strains B and C resulted in a stronger
upregulation of the mRNA of ApoE than infection with strain A
(mRNA levels, 1.6, 3.1, and 2.2 for strains A, B, and C, respec-
tively). In comparison with the data obtained by 2D-DIGE analy-
sis, the trends in the mRNA levels of these genes were not com-
pletely consistent with the fold change in the levels of their
corresponding proteins. Nevertheless, it is known that mRNA ex-
pression does not always correlate with the level of protein expres-
sion.

Analysis of interaction networks. Strain C corresponds to a
phylogenetic cluster frequently associated with viral hepatitis E in
Europe (80% in France), and this strain showed the greatest num-
ber of proteins differentially expressed in this proteomic analysis.
Thus, the interaction networks were modeled from the data set
obtained with strain C. The cellular and disease processes associ-
ated with the differentially expressed proteins were determined
using Pathway Studio (version 5.0) software (Fig. 5). In addition
to sterol biosynthesis and cholesterol metabolism, the identified

proteins—such as HnRNPK, PHB, ApoE, and apolipoprotein
A-IV (ApoA-IV)—are known to be involved in viral diseases, liver
cirrhosis, neuron toxicity, and neurodegenerative diseases. The
different cell processes identified were directly or indirectly linked
to networks involving four major transcription factors: signal
transducer and activator of transcription 3 (STAT3), hepatocyte
nuclear factor 4 alpha (HNF4A), peroxisome proliferator-acti-
vated receptor gamma (PPAR	), and sterol regulatory element-
binding transcription factor 1 (SREBF-1). To further analyze the
relationship between the known cellular pathways and hepatitis E
virus infection, a network was built using the Ingenuity Pathway
system. The results showed that 17 proteins, approximately the
same number obtained with Pathway Studio software, could be
connected in a network. Transcription factors SREBF-1, PPAR	,
E2F1, and FOS and the extracellular signal-regulated kinases
(ERKs), nuclear factor kappa B (NF-
B), and Akt cascade signal-
ing were linked to the proteins differentially expressed during
HEV infection (Fig. 6).

DISCUSSION

The clinical symptoms associated with HEV infection vary widely,
ranging from a flu-like syndrome, nausea, and jaundice to chronic
infection with possible evolution to fibrosis, cirrhosis, or neuro-
logical disorders and even fatal fulminant hepatitis. To under-
stand these clinical manifestations, there are very sparse data on
HEV biology and pathogenesis. In the swine model of HEV infec-
tions, animals do not exhibit clinical signs, but in humans as well,
many cases are probably asymptomatic (5). During HEV infection
of swine, the virus replicates profusely in the liver and is abun-
dantly shed in the feces. Although HEV is eliminated by the im-
mune system, it hijacks the cellular machinery for its replication,
affecting cellular functions. Thus, the infection of swine hepato-
cytes can be used as a cellular model to identify cellular pathways
modulated during HEV infection. Some phylogenetic clusters of
HEV strains are more frequently observed in human and swine
populations, so the factors modulated during infection with
strains belonging to different clusters (less than 90% nucleotide
sequence identity over the full-length genome) were evaluated.

The present study confirms that during hepatitis E virus infec-
tion of swine, global liver functions remain intact without lym-
phoplasmacytic inflammation or focal necrotic hepatocytes and
with normal values for ALT, AST, cholesterol and triglycerides.
The replication efficacy of the three different strains was similar in
terms of the duration of HEV shedding and the quantity of HEV
secreted in the stool and bile of all infected animals. However, the
level of HEV RNA in the liver was statistically significantly higher
with strain A than with strains of the other subtypes, suggesting
better replication. However, since no increase in the correspond-
ing bile and fecal samples was observed, this might be due to
sampling bias induced by biopsy localization.

Despite the absence of an increase in cholesterol levels in in-
fected animals, the proteomic analysis of HEV-infected livers
showed that cholesterol and lipid metabolism was modulated dur-
ing infection, whatever the strain used. Furthermore, ApoE—
which is known to play an important role in the transport of lipids
in the plasma—was upregulated with infection with strains B and
C. The secretion pathway taken by the HEV virion is not well
understood, but ApoE has been shown to be involved in the prop-
agation and release of HCV (34). HEV particles are secreted into
the intestinal lumen via the bile duct. Different studies have shown

FIG 3 PCA performed from all spots detected and matched (2,117 spots). The
score plot shows experimental spot maps.
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TABLE 1 Overview of proteins differentially expressed in the liver of a pig during HEV infection

Protein descriptiona Accession no.b

Strain A Strain B Strain C

P valuec Fold changec,d P value Fold change P value Fold change

Agmatinase, mitochondrion-like gi|311258562 1.2E�02 1.4 5.2E�04 1.5 2.6E�01 1.3
Alpha-1-antichymotrypsin 2 gi|9968805 2.5E�01 2.0 4.1E�03 1.9 5.7E�01 �1.2
Alpha-1-antichymotrypsin 2 precursor gi|47523270 4.3E�01 �1.4 1.3E�03 �2.6 3.8E�01 �1.4
Alpha-2-macroglobulin gi|417515493 2.3E�01 �1.9 1.2E�02 �2.2 5.3E�02 �2.1
Alpha-enolase-like, partial gi|350585579 6.3E�02 �1.4 1.6E�02 �1.6 2.1E�01 �1.1
Cathepsin Z precursor (Sus scrofa) gi|178057125 4.7E�02 1.4 8.9E�03 1.6 7.6E�02 1.3
Glutamine synthetase GLNA_PIG 1.9E�02 �2.0 2.1E�03 �1.7 1.2E�02 �2.2
Heterogeneous nuclear ribonucleoprotein K gi|392513715 2.2E�01 1.6 1.2E�02 1.8 7.1E�03 1.6
Indolethylamine N-methyltransferase gi|347800713 3.0E�02 �1.7 1.1E�02 �1.5 1.2E�01 �1.3
Phosphoglucomutase-2 and mitochondrial

inner membrane protein, partial
3.7E�02 1.6 1.3E�02 1.8 8.3E�03 2.0

Serotransferrin TRFE_PIG 1.1E�01 �1.4 1.6E�02 �1.5 2.9E�01 �1.3
Serpin A3-8, partial gi|350587171 3.3E�01 �1.4 8.2E�03 �1.9 6.4E�01 �1.1
Serpin A3-8, partial gi|350587171 2.1E�01 1.9 3.0E�03 2.0 7.6E�01 1.0
Vimentin-like (Sus scrofa) gi|335296459 4.7E�01 �1.6 3.3E�03 �4.4 3.9E�01 �1.6
Collagen alpha-2(VI) chain gi|335300861 2.4E�02 �1.8 8.6E�02 �1.5 1.9E�01 �1.5
3-Hydroxy-3-methylglutaryl-CoA

synthetase 1
gi|356582301 2.6E�02 �1.8 4.1E�02 �1.6 1.3E�02 �2.3

3-Hydroxyisobutyrate dehydrogenase,
mitochondrial

3HIDH_BOVIN 1.4E�02 1.5 3.5E�01 1.3 3.0E�01 1.4

4-Trimethylaminobutyraldehyde
dehydrogenase

gi|194036835 1.7E�01 1.2 5.2E�02 1.3 7.3E�05 2.4

Actin, cytoplasmic 1 ACTB_PIG 1.1E�01 1.1 1.8E�01 1.1 5.5E�03 1.5
Aminoacylase-1 ACY1_PIG 1.6E�02 �1.7 1.8E�02 �1.5 9.2E�03 �1.4
Apolipoprotein A-IV APOA4_PIG 3.4E�02 1.7 2.7E�01 1.5 1.5E�03 2.5
Apolipoprotein A-IV APOA4_PIG 4.3E�02 1.3 4.0E�02 1.6 2.6E�02 2.7
Apolipoprotein E APOE_PIG 3.2E�01 1.3 2.3E�02 1.6 1.5E�02 1.7
Carbamoyl-phosphate synthase (ammonia),

mitochondrial isoform 1
gi|350593858 1.2E�01 �1.3 7.5E�01 �1.1 7.7E�03 2.5

Cathepsin D CATD_PIG 5.5E�02 1.3 3.2E�02 1.3 1.3E�03 1.5
Cytosolic beta-glucosidase-like, partial gi|350587405 1.2E�02 2.1 4.2E�03 1.4 7.1E�01 1.2
Diamine acetyltransferase 2 SAT2_PIG 1.9E�02 �1.5 6.2E�02 �1.4 5.2E�02 �1.4
Epoxide hydrolase 2 HYES_PIG 9.3E�03 1.7 3.6E�01 1.4 8.6E�01 1.2
Gamma interferon-inducible lysosomal thiol

reductase
GILT_PIG 1.0E�02 1.6 1.9E�02 1.4 2.8E�01 1.2

Golgi reassembly-stacking protein 2 isoform 1 gi|335302969 1.5E�01 1.4 9.1E�02 1.4 2.2E�02 1.6
Golgi reassembly-stacking protein 2 isoform 1 gi|335302969 9.2E�02 1.3 2.1E�02 1.7 2.6E�02 1.5
Heat shock protein beta-1 HSPB1_PIG 2.7E�01 1.2 1.9E�02 1.4 2.8E�03 1.6
Heat shock protein beta-1 HSPB1_PIG 1.3E�01 �1.2 1.2E�01 �1.4 2.6E�02 �1.6
Heat shock protein beta-1 HSPB1_PIG 9.2E�02 �1.6 2.4E�02 �2.0 5.1E�02 �2.2
Heat shock protein HSP90-alpha HS90A_PIG 4.0E�02 �1.4 6.3E�01 �1.1 1.1E�02 �1.5
Hemoglobin subunit beta HBB_PIG 3.2E�02 1.6 2.1E�02 1.5 3.7E�01 1.1
Hepatoma-derived growth factor-like gi|335286747 4.7E�01 1.2 3.3E�01 1.6 1.0E�02 2.2
Isopentenyl-diphosphate delta-isomerase

1-like
gi|335296666 3.8E�02 �1.3 2.5E�02 �1.4 2.1E�02 �1.6

Liver carboxylesterase EST1_PIG 2.2E�02 �1.7 7.8E�02 �1.5 4.4E�02 �1.6
Liver carboxylesterase EST1_PIG 4.8E�02 �2.3 1.1E�01 �2.1 6.8E�02 �1.8
L-Lactate dehydrogenase B chain LDHB_PIG 2.6E�02 �1.7 1.1E�02 �1.4 5.1E�02 �1.4
Peptidyl-prolyl cis-trans isomerase FKBP4 gi|305855148 2.0E�02 �1.6 4.3E�01 �1.2 3.8E�01 �1.1
Phosphoenolpyruvate carboxykinase (GTP),

mitochondrial
gi|330417958 3.5E�02 2.0 1.1E�01 1.8 3.0E�01 1.4

Phosphoenolpyruvate carboxykinase,
cytosolic

gi|178056560 3.9E�01 1.4 1.3E�01 2.0 4.5E�03 2.7

Poly(ADP-ribose) glycohydrolase ARH3-like gi|311258899 5.7E�01 1.1 5.4E�01 1.6 2.3E�02 2.5
Probable imidazolonepropionase gi|335288858 3.0E�02 �2.1 1.1E�01 �1.7 4.3E�02 �1.7
Prohibitin-like gi|350590415 2.7E�01 1.3 1.6E�01 1.2 7.2E�03 2.2
Protein kinase gi|984249 4.5E�02 1.5 1.9E�02 1.6 5.0E�01 1.4
Protein kinase gi|984249 9.5E�02 �1.3 8.9E�01 �1.0 4.4E�02 �1.5
Protein kinase gi|984249 9.7E�02 1.3 3.3E�01 1.4 2.7E�03 2.8
Pyruvate kinase isozymes R/L-like gi|350597093 2.7E�01 1.7 3.6E�02 1.5 6.2E�02 1.4

(Continued on following page)
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that viral particles detected in the culture supernatant of infected
cells (HepG2/C3A, A549, and PLC/PRF5 cells) and in the serum of
infected patients appear to be associated with lipids (12, 35). It is
possible that the secretion of new HEV progeny virions involves
some hepatocyte transporter proteins involved in the secretion of
biliary lipids, as in the case of HCV, hepatitis A virus, and flavivi-
rus (36–38). In addition, ApoE has been shown to play a role as an
immunomodulatory agent in the immune response and to be in-
volved in neurodegenerative diseases, such as Alzheimer’s disease
and Guillain-Barré syndrome (39–41). HEV infection has been
associated with several neurological symptoms (42), and ApoE

could play a role in HEV pathogenesis. Modulation of proteins
from the lipocalin family (retinol binding protein) was observed.
They are involved in different functions, such as retinol transport,
the immune response, and regulation of cell homeostasis (43).
The modulation of lipid metabolism and proteins from the lipoca-
lin family confirms the findings of previous investigations per-
formed by Taneja and collaborators which analyzed the proteins
and peptidome of the plasma or urine from patients with acute
hepatitis E (44, 45).

Some proteins involved in glycolysis (pyruvate kinase, phos-
phoenolpyruvate carboxykinase), the urea cycle (carbamoyl-

TABLE 1 (Continued)

Protein descriptiona Accession no.b

Strain A Strain B Strain C

P valuec Fold changec,d P value Fold change P value Fold change

Retinol-binding protein 4 RET4_PIG 1.0E�01 1.4 4.4E�02 1.3 2.3E�02 1.7
Ribokinase/actin, cytoplasmic 1 gi|351738777/ACTB_PIG 4.0E�02 1.5 3.5E�01 1.1 4.9E�02 1.4
Serine/threonine-protein phosphatase 2A

65-kDa regulatory subunit A beta isoform
(fragment)

2AAB_PIG 3.3E�01 1.3 8.7E�03 1.4 3.4E�03 1.5

Serum albumin ALBU_PIG 7.6E�02 �1.7 1.3E�02 �1.7 1.8E�01 �1.4
Serum albumin ALBU_PIG 3.0E�01 1.7 3.0E�01 1.3 2.7E�03 4.4
Short/branched-chain-specific acyl-CoA

dehydrogenase, mitochondrial or adipocyte
plasma membrane-associated protein-like

gi|311271975/gi|350594715 1.3E�01 1.2 3.7E�02 1.5 6.0E�02 1.2

Short-chain-specific acyl-CoA dehydrogenase,
mitochondrial

ACADS_PIG 5.9E�02 1.6 5.3E�02 1.3 1.2E�02 2.1

Stress-induced-phosphoprotein 1-like gi|335281609 2.1E�02 �1.8 7.3E�01 �1.1 6.8E�01 �1.1
Succinate dehydrogenase DHSA_PIG 1.9E�01 1.2 7.3E�02 1.4 4.6E�02 1.5
Tetranectin-like isoform 2 gi|335298955 1.5E�01 �1.3 1.9E�01 �1.4 4.3E�03 �1.6
Threonine synthase-like 1-like gi|335296548 2.8E�01 1.5 1.2E�01 1.3 4.2E�02 1.7
trans-1,2-Dihydrobenzene-1,2-diol

dehydrogenase
DHDH_PIG 2.7E�01 1.3 3.5E�01 1.2 5.0E�03 1.6

Type VI collagen alpha-1 chain gi|335310813 4.4E�02 �2.1 4.1E�01 �1.3 5.0E�01 �1.3
Ubiquitin/ISG15-conjugating enzyme E2 L6 gi|350539097 2.8E�02 1.6 9.4E�01 1.0 6.2E�01 �1.1
Uncharacterized protein C2orf72-like gi|350593962 3.4E�02 �1.5 7.7E�02 �1.3 1.6E�01 �1.4
Valacyclovir hydrolase precursor or alcohol

dehydrogenase 1C (class I), gamma
polypeptide

gi|343488509/gi|345441792 5.5E�01 1.6 1.0E�01 1.3 3.1E�02 3.0

a The name of the protein in the Swiss-Prot or NCBInr database.
b The accession number is the Mascot result of MALDI-TOF/TOF MS found in the Swiss-Prot or NCBInr database.
c The significant fold change and P values with P values of �0.05 are in bold, and insignificant fold change and P values are indicated in italics.
d Fold change between infected and control livers. Positive fold change values represent upregulation, whereas negative fold change values indicate downregulation of identified
proteins.

TABLE 2 Functional classification of proteins differentially expressed during hepatitis E infectiona

Functional classification

% proteinsb:

Upregulated Downregulated

Strain A Strain B Strain C Strain A Strain B Strain C

Metabolism 47 33 43 42 36 22
Transcription/transcription regulation 0 8 4 0 9 0
Cell proliferation 0 0 9 0 0 0
Cholesterol/lipid metabolism 9 25 13 8 9 22
Signaling pathways 9 8 9 0 0 11
Chaperone proteins 0 0 4 17 9 22
Cytoskeleton/trafficking 18 8 13 17 9 11
Toxicity/inflammatory/immune response 27 17 4 17 27 11
a The differentially expressed proteins listed in Table 1 were categorized according to their function reported in the literature.
b The numbers represent the percentage of identified proteins categorized in the indicated functional classification for each strain of HEV tested when their expression was
compared to that in the control group (group T).

Liver Proteome Modulation during HEV Infection in Pigs

January 2015 Volume 89 Number 1 jvi.asm.org 137Journal of Virology

http://jvi.asm.org


phosphate synthetase), the tricarboxylic acid cycle (succinate de-
hydrogenase, short-chain specific acyl coenzyme A [acyl-CoA]
dehydrogenase), and amino acid metabolism (3-hydroxyisobu-
tyrate dehydrogenase, threonine synthase, etc.) were identified. A
previous study showed deregulation of these metabolic cycles and
deregulation of amino acid metabolism in the plasma and urine of
hepatitis E patients (46). In contrast to those results, a decrease in
the level of lactate dehydrogenase was observed here, suggesting
an absence of lactic acidosis in swine during hepatitis E virus in-
fection. In the same way, Munshi et al. (46) reported decreased
levels of ornithine and fumarate in the plasma of patients with
hepatitis E, suggesting anomalies in ammonia detoxification. In
the present study, the levels of expression of carbamoyl phospha-
tase, involved in the urea cycle, and succinated dehydrogenase,
which converts succinate to fumarate, were increased in the liver

of infected swine, suggesting an important ammonia detoxifica-
tion. These differences might be explained by the type of tissues
analyzed (liver tissues versus plasma or urine) and the species
analyzed (swine versus human). Moreover, during swine experi-
mental infection, no clinical symptoms were observed, whereas
the patients had acute viral hepatitis E.

The Ingenuity Pathway analysis identified signaling pathways,
such as the ERK, Akt, and NF-
B pathways, which have been
shown to play a role in HEV replication (47–49). Indeed, it was
shown previously that HEV ORF3 modulated the ERK activation
and Akt pathways, promoting cell survival and viral multiplica-
tion (47–49). Furthermore, HEV ORF2 seemed to inhibit NF-
B,
contributing to evasion of the host immune response at an early
stage (47–49). In addition, the present study has shown that some
transcription factors, such as STAT3, hepatocyte nuclear factor 4

FIG 4 Detection and quantification of candidate proteins by immunoblotting or mRNA quantification. (A) The expression levels of HnRNPK, ApoE, and
prohibitin were analyzed by immunoblotting. (B) Densitometric analysis of protein expression was performed using Bio-1D software. GAPDH was used as the
internal control. Mean values � standard errors of the means were calculated from three independent experiments and three biological replicates. (C) Transcript
analysis by real-time RT-PCR of four proteins (HnRNPK, ApoE, PP2A, PHB) differentially expressed in HEV-infected livers. Data represent the median for three
biological replicates per group and the average � standard error from three independent experiments. The levels of expression in the samples were normalized
by the level of expression of the GAPDH gene.
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(HNF4), sterol regulatory element-binding transcription factor 1
(SREBF-1), and peroxisome proliferator-activated receptor
gamma (PPAR	), are probably impacted by HEV infection. The
nuclear translocation of STAT3, which regulates the expression of
genes for acute-phase proteins, and HNF4, which is involved in
metabolism, blood maintenance, immune function, liver differ-
entiation, and expression of growth factors (for a review, see ref-
erence 50), has been shown to be decreased by the ORF3 protein.
The inhibition of STAT3 and HNF4 translocation may contribute
to the survival of infected cells and successful HEV replication (51,
52). SREBF-1 and PPAR	 both regulate the expression of a variety
of genes involved in lipogenesis (53), lipid synthesis, transport,
and storage in hepatocytes. Both SREBF-1 and PPAR	 are up-
regulated in patients with chronic hepatitis B and hepatitis C.
Upregulation of these proteins induces hepatic lipid accumula-
tion, corresponding to a progression toward liver injuries, such as
hepatitis (54, 55). The link between SREBF-1 and PPAR	 and the
list of proteins differentially expressed at an early stage of infection
(8 days p.i.) suggest that HEV could induce mild hepatitis in swine
at a later stage. Indeed, such an observation has already been made
in genotype 3-infected swine at 20 days p.i. (56). Moreover, it was
noted that in immunosuppressed humans infected with HEV,
chronic hepatitis occurs and progresses into cirrhosis (57).

HnRNPK was also found to be upregulated in the present
study. This factor contributes to several cell transcription steps,
such as mRNA transport, RNA splicing, and direct transcriptional
activity (58). Moreover, this protein has been shown to enhance
the infection with several viruses by interacting either with a viral
genome, such as with the genome of HCV (59–61), HBV (62),
enterovirus 71 (63), or influenza A virus (64), or with viral pro-
teins to support viral egress, such as with human herpesvirus 6
proteins (18). It would be interesting to further analyze the role of
HnRNPK in the HEV replication cycle. Unfortunately, in the ab-
sence of a robust model for HEV culture in vitro, these studies will
be delayed. The overexpression of PHB and PP2A was observed
first with strain C, but their quantification by immunoblot analy-
sis or determination of their mRNA levels revealed that they were
upregulated with all three HEV strains. This small discrepancy
might be due to a lesser sensitivity of the 2D-DIGE analysis. PHB
has already been identified to be a receptor protein, mediating
dengue virus serotype 2 or Chikungunya virus entry (65, 66), and
is upregulated in HCV- or influenza virus-infected cells (67, 68).
PHB is a member of the membrane protein superfamily and is
involved in maintaining mitochondrial protein stability. It also
contributes to the regulation of cell proliferation and plays a pro-
tective role against the induction of apoptosis (for a review, see

FIG 5 Interaction network and functional connectivity of proteins differentially expressed during infection with HEV strain C. Candidate proteins whose
expression is modulated during HEV strain C infection (Table 1) were imported into Pathway Studio software, and the cellular networks impacted were
generated. The key for the interaction network is provided in on the left. Mol, molecular; Prot, protein. Red, overexpressed proteins; blue, downregulated
proteins.
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reference 69). Several viruses interact with or deregulate PP2A
expression in order to create a beneficial environment for the viral
life cycle (for a review, see reference 70). HCV induces the upregu-
lation of PP2A in vitro and in vivo, leading to the inhibition of
alpha interferon-induced Jak-STAT signaling (71). It is possible
that the overexpression of PHB and PP2A may contribute to HEV
multiplication by reducing the inflammatory response and pre-
venting cell apoptosis. Nevertheless, further investigations will be
necessary to better understand the possible role of these proteins
in the replication and pathogenesis of HEV.

A similar proteomic analysis of HEV-infected liver in swine
was performed by Lee and collaborators using another strain of
HEV (a phylogenetic cluster different from the phylogenetic
clusters of strains A through C) (26). In comparison to the
findings of the present study, 10 factors were found to be mod-
ulated during infection, and only the upregulation of ApoE was
confirmed. In contrast to the results obtained here, the other
differentially expressed proteins were related to iron homeo-

stasis, cell attachment, and metabolism. These differences may
result from the different methods used to determine the cutoff
value for significant fold changes (a minimum fold change of
1.5 [P � 0.05] in the present study compared to a minimum
fold change of 0.1 [P � 0.1] in the previous study [26]). A
previous study by Yu and collaborators analyzed the transcrip-
tome of HEV genotype 1-infected chimpanzee liver (72). The
two transcriptional factors Fos and HNF4A were found to be
upregulated. In the present study, they were also identified
when building the network describing the interaction of mod-
ulated factors. The other differences observed between the two
analyses may be explained by the fact that a different genotype
was used: genotype 1 infects only humans and is considered to
be more virulent than genotype 3 (56). Also, the technical ap-
proaches in the two studies were different, and it is known that
RNA levels may not always reflect protein levels.

To summarize, the present study reveals 61 proteins differen-
tially expressed during hepatitis E virus infection. Analysis of these

FIG 6 Signaling network of proteins differentially expressed during infection with HEV strain C. Candidate proteins whose expression is modulated during HEV
strain C infection (Table 1) were imported into the Ingenuity Systems program, and networks of protein interactions were generated. Genes or gene products are
represented as nodes, and the biological relationship between two nodes is represented by an arrow. A solid arrow denotes a direct relationship between two
nodes, and a dashed arrow indicates an indirect relationship. Red nodes, upregulated proteins; green nodes, downregulated proteins. The different shades of red
and green reflect the relative fold change.
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proteins showed some differences between the three strains used
in terms of cholesterol synthesis, lipid metabolism, and a possible
inflammatory response of the host during infection. Moreover,
some proteins involved in several viral life cycles—including
HnRNPK, ApoE, PHB, and PP2A—were identified. Some of these
proteins have previously been shown to interact with HEV ORF3
or ORF2. Altogether, the data obtained provide important guid-
ance for further analysis of the pathogenesis of HEV and may help
explain the various symptoms associated with this infection.
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